We examine the star formation histories (SFHs) of galaxies in smoothed particle hydrodynamics (SPH) simulations, compare them to parametric models that are commonly used in fitting observed galaxy spectral energy distributions, and examine the efficacy of these parametric models as practical tools for recovering the physical parameters of galaxies. The commonly used τ -model, withṀ * ∝ e −(t−ti)/τ , provides a poor match to the SFH of our SPH galaxies, with a mismatch between early and late star formation that leads to systematic errors in predicting colours and stellar mass-to-light ratios. A one-parameter lin-exp model, withṀ * ∝ t e −(t−ti)/τ , is much more successful on average, but it fails to match the late-time behaviour of the bluest, most actively starforming galaxies and the passive, "red and dead" galaxies. We introduce a 4-parameter model, which transitions from lin-exp to a linear ramp after a transition time t tr , which describes our simulated galaxies very well. In practice, we can fix two parameters (t i and t tr ) without significant loss of accuracy. We test the ability of these parametrised models to recover (at z = 0, 0.5, and 1) the stellar mass-to-light ratios, specific star formation rates, and stellar population ages from the galaxy colours, computed from the full SPH star formation histories using the FSPS code of . Fits with τ -models systematically overestimate M * /L by ∼ 0.2 dex, overestimate population ages by ∼ 1 − 2 Gyr, and underestimateṀ * /M * by ∼ 0.05 dex. Fits with lin-exp are less biased on average, but the 4-parameter model yields the best results for the full range of galaxies. Marginalizing over the free parameters of the 4-parameter model leads to slightly larger statistical errors than 1-parameter fits but essentially removes all systematic biases, so this is our recommended procedure for fitting real galaxies.
INTRODUCTION
Large samples of galaxies with multi-wavelength photometric data and spectroscopic data (e.g. York et al. 2000; Giavalisco et al. 2004; Scoville et al. 2007 ) have allowed galaxy evolution studies to shift from luminosity and colour to the more physical plane of stellar mass and star formation rate (SFR), and to examine other aspects of galaxy evolution such as median ages of stellar populations, importance of bursts, correlations with stellar and gas phase metallicity, AGN activity, dust extinction etc. Deep photometric surveys have also renewed emphasis on photometric redshifts, which require a model of intrinsic galaxy colour.
A crucial step in such analyses is fitting a parametric star formation history (SFH) to each galaxy's observed spectral energy distribution (SED). One of the most commonly used parametrisations is the so called "τ -model," where the SFH is described by an exponentially decreasing SFR with e-folding time τ (e.g., Bruzual 1983; Papovich et al. 2001; Shapley et al. 2005; Lee et al. 2009; Pozzetti et al. 2010; Förster Schreiber et al. 2009 ), sometimes augmented with bursts (e.g., Kauffmann et al. 2003; Brinchmann et al. 2004) . Some authors (e.g., Lee et al. 2010 ) advocate an alternative model where the SFH is parametrised by t e −t/τ , which allows linear growth at early times followed by an ex-ponential decline at late times. This is sometimes referred to as the "delayed" or "extended" τ -model, but in this paper we shall refer to it as the lin-exp (linear-exponential) model. Another approach is to fit the SFR in bins of time (e.g., Panter et al. 2007; Tojeiro et al. 2009 ), which has the virtue of generality but places strong demands on the quality of the data and the accuracy of the population synthesis models.
In this paper, we examine which parametrised models give good descriptions for the SFHs of galaxies in smoothed particle hydrodynamics (SPH) simulations. While SPH simulations are not a perfect representation of the real Universe, they provide useful guidance on what functional forms of the SFH may be necessary. The simulations incorporate a wide range of processes that may be important in galaxy SFHs, including accretion with environmental dependence and stochastic variations, minor and major mergers, conversion of gas to stars based on physical conditions in the interstellar medium, ejection of gas in galactic winds, and recyclying of this ejected material through subsequent accretion.
Our galaxy SFHs are obtained from a hydrodynamical simulation of a cosmological volume (50h −1 Mpc cube, modeled with 2 × 288 3 particles) incorporating gas cooling, star formation, and galactic winds driven by star formation. The simulation reproduces the observed stellar mass function and HI mass function of galaxies quite well up to galaxies with stellar mass M * ∼ 10 11 M⊙ Davé et al. 2013 ), but it fails at higher masses, predicting galaxies that are more massive than observed and have too much late-time star formation. To obtain a better match to the observed galaxy stellar mass function and colour-magnitude diagram, we also apply a post-processing prescription to the simulation that has the effect of quenching star formation in massive galaxies. Throughout the paper we consider both the galaxy population predicted directly by the simulation and the population that results from applying this post-processing prescription; we refer to the former as the "Winds" population and the latter as the "Winds+Q" population.
We compare parametric models for the SFH of galaxies to the SFH of galaxies in our SPH simulation to investigate how well various parametric forms describe the shape of the SFH of simulated galaxies and how well they predict the colours and mass-to-light ratios of their stellar populations. We then examine the effectiveness of these parametric models as practical tools. We compute the colours of our simulated galaxies using their true SFHs, then fit parametric models to the colours and ask how well these fits recover physical parameters of interest such as the stellar mass, population age, and current star formation rate. Our investigation offers insight into the shortcomings of commonly used SFH models in regard to the biases and errors they introduce in estimates of the physical parameters of galaxies. It also has practical import for future studies of galaxy evolution, as we suggest a new parametric model that describes the full variety of SFHs in our simulations, which can be used straightforwardly to interpret observations of galaxy populations.
Sources of systematic uncertainty in the SED fitting technique have been investigated by several authors. For example, investigate uncertainties arising from the assumed form of the initial mass function (IMF) and the treatment of stellar evolution, Papovich et al. (2001) examine errors introduced by uncertainties in the dust extinction, and Lee et al. (2009) find significant errors and systematic biases when standard methods for inferring ages and stellar masses of Lyman Break Galaxies (LBGs) are applied to mock catalogues constructed from semi-analytic models. Obtaining accurate stellar spectral libraries that cover the full range of stellar populations present in observed galaxies is a particular challenge. (See Conroy 2013 for a review of the stellar population synthesis technique, and inference of physical parameters of galaxies from SEDs.) However, even if these sources of systematic errors are controlled or eliminated, additional systematic uncertainties arise from the assumed shape of the SFH, and to get the most from the data one wants a model that has as much flexibility as needed but not more than is needed. It is this aspect of population synthesis modeling that we focus on in this paper.
In §2, we describe our simulation, our method for identifying halos and galaxies, our prescription for quenching star-formation in massive galaxies, and our parametric SFH models. In §3, we fit these parametric models to the SFHs of our simulated galaxies and ask how well they describe the SFHs and the physical parameters that can be derived from them. In §4, we fit these models to the colours of galaxies and compare the physical parameters obtained from these fits to their "true" values in the simulation. We summarise our results and discuss their implications in §5. The Appendix compares our parametric SFH model to the one proposed recently by Behroozi et al. (2013) .
METHODS

Simulation
Our simulation is performed using the GADGET-2 code (Springel 2005) as modified by Oppenheimer & Davé (2008) . Gravitational forces are calculated using a combination of the Particle Mesh algorithm (Hockney & Eastwood 1981) for large distances and the hierarchical tree algorithm (Barnes & Hut 1986; Hernquist 1987 ) for short distances. The SPH algorithm is entropy and energy conserving and is based on Springel & Hernquist (2002) . The details of the treatment of radiative cooling can be found in Katz, Weinberg & Hernquist (1996) and Oppenheimer & Davé (2006) . The details of the treatment of star formation can be found in Springel & Hernquist (2003) . Briefly, each gas particle satisfying a temperature and density criterion is assigned a star formation rate, but the conversion of gaseous material to stellar material proceeds stochastically. The parameters for the star formation model are selected so as to match the z = 0 relation between star formation rate and gas density (Kennicutt 1998; Schmidt 1959) .
We adopt a ΛCDM cosmology (inflationary cold dark matter with a cosmological constant) with Ωm=0.25, ΩΛ=0.75, h ≡ H0/100 km s −1 Mpc −1 =0.7, Ω b = 0.044, spectral index ns = 0.95, and the amplitude of the mass fluctuations scaled to σ8 = 0.8. These values are reasonably close to recent estimates from the cosmic microwave background (Larson et al. 2010 ) and large scale structure (Reid et al. 2010 ). We do not expect minor changes in the values of the cosmological parameters to affect our conclusions.
We follow the evolution of 288 3 dark-matter particles and 288 3 gas particles, i.e. just under 50 million particles in total, in a comoving box that is 50h −1 Mpc on each side, from z = 129 to z = 0. The dark matter particle mass is 4.3 × 10 8 M⊙, and the SPH particle mass is 9.1 × 10 7 M⊙. The gravitational force softening is a comoving 5h −1 kpc cubic spline, which is roughly equivalent to a Plummer force softening of 3.5h −1 kpc. Higher resolution simulations of smaller volumes (e.g., Davé et al. 2013) would yield more accurate SFH predictions at a given stellar mass, but for the purposes of this paper we considered it more important to have good statistics for a wide range of galaxy masses and environments, so we chose to focus on a larger volume simulated at lower resolution. There are also uncertainties associated with the hydrodynamics algorithm itself (e.g., Agertz et al. 2007; Sijacki et al. 2012) , but for our purposes these are less important than the physical uncertainties associated with feedback and quenching mechanisms. We discuss how all of these effects might impact our conclusions in §5.
Our simulation incorporates kinetic feedback through momentum driven winds as implemented by Oppenheimer & Davé (2006 , where the details of the implementation can be found. Briefly, wind velocity is proportional to the velocity dispersion of the galactic halo, and the ratio of the gas ejection rate to the star formation rate is inversely proportional to the velocity dispersion of the galactic halo. Except for the differences in volume and particle mass, our simulation is similar to the "vzw" simulations of Oppenheimer et al. (2010) , who investigate the growth of galaxies by accretion and wind recycling and compare predicted mass functions to observations. The specific simulation analyzed here was also used by Zu et al. (2010) to investigate intergalactic dust extinction and Simha et al. (2012) to investigate subhalo abundance matching techniques. The vzw model is quite successful at reproducing observations including quasar metal absorption line statistics at high Oppenheimer & Davé (2006) and low (Oppenheimer et al. 2012 ) redshift, the HI mass function of galaxies at z = 0 (Davé et al. 2013) , and the galaxy stellar mass function up to luminosities L ∼ L * ).
We identify dark matter haloes using a FOF (friends-offriends) algorithm (Davis et al. 1985) . The algorithm selects groups of particles in which each particle has at least one neighbour within a linking length, set to the interparticle separation at one-third of the virial overdensity , which is calculated for the value of ΩM at each redshift using the fitting formula of Kitayama & Suto (1996) . Many of our plots distinguish between the behavior of central galaxies of halos and satellite galaxies (see Simha et al. 2009 for discussion). The most massive object in a FOF halo is referred to as a central galaxy and the others as satellites.
Hydrodynamic cosmological simulations that incorporate cooling and star formation produce dense groups of baryons with sizes and masses comparable to the luminous regions of observed galaxies (Katz, Hernquist, & Weinberg 1992; Evrard et al. 1994 ). We identify galaxies using the Spline Kernel Interpolative DENMAX (SKID 1 ) algorithm (Gelb & Bertschinger 1994; Katz, Weinberg & Hernquist 1996) , which identifies gravitationally bound particles associated with a common density maximum. We refer to the groups of stars and cold gas thus identified as galaxies. The simulated galaxy population becomes substantially incomplete below a threshold of ∼64 SPH particles (Murali et al. 2002) , which corresponds to a baryonic mass of 5.8 ×10
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M⊙. For this work, we adopt a higher stellar mass threshold of 10 10 M⊙ because star formation histories of lower mass galaxies are noisy, even if their final stellar masses are reasonably robust.
For each SKID identified galaxy at z = 0, we trace the formation time of its stars. We then bin these star formation events in time to extract a star formation rate as a function of time. From this SFR(t), we generate colours using the stellar population synthesis package FSPS ). We assume solar metallicity and ignore dust extinction in this paper. While dust exinction and metallicity should be additional free parameters when fitting SFHs to colours of observed galaxies, our goal in this paper is to isolate the impact of SFH shape, so we avoid the step of inserting and then attempting to remove these additional effects.
Quenching Model
The left panel of Figure 1 shows the (g − r) colour of SPH galaxies against their r-band magnitudes. Each point is an individual galaxy. Central galaxies are shown as black crosses and satellite galaxies as green open circles. The red galaxies in our simulation are almost all low luminosity satellites. In common with other hydrodynamic simulations that do not include AGN feedback, our simulation fails to produce bright red galaxies. Our simulation also matches the observed galaxy luminosity function up to L * but overpredicts the number density of galaxies brighter than L * . To obtain bright red galaxies and match the observed stellar luminosity function, we construct a "quenched winds" (Winds + Q) population by implementing a post-processing prescription.
Various lines of observational evidence suggest that star formation is quenched in high mass halos. The most commonly invoked explanation is AGN feedback. This could be connected to the transition between cold and hot mode gas accretion (Kereš, Katz, Weinberg, & Davé 2005; Dekel & Birnboim 2006) , with AGN feedback being more effective in suppressing the accretion of the hot gas that appears in higher mass halos. In any case, models of galaxy formation that match the observed luminosity function or stellar mass function have some quenching mechanism for central galaxies of high mass halos.
In our simulation we have a complete history of star formation events for each galaxy. We modify the SFR of galaxies based on their parent halo mass at the epoch of each star formation event. In halos more massive than a halo mass threshold, Mmax, we eliminate all star formation events. In less massive halos we multiply the mass of stars formed by a factor that scales linearly with halo mass down to a halo mass Mmin, below which we do not alter the star formation rate. The effect of this post-processing can be described as SFR(winds + Q) = SFR(winds) × f (MH )
( 1) where MH is the parent halo mass and
and
We implement this procedure for both central and satellite galaxies. We set Mmin equal to 1.5 ×10 12 M⊙ and Mmax equal to 3.5 ×10 12 M⊙. These parameters are chosen to obtain an approximate match to the observed stellar mass function. Oppenheimer et al. (2010) discuss the comparison between the predicted stellar mass functions and observational estimates in some detail. Roughly speaking, our simulation reproduces observational estimates for M * < 10 11 M⊙ , but it predicts excessive galaxy masses (at a given space density) for M * > 10 10.8 M⊙. Figure 2 shows the galaxy stellar mass function for the simulation (Winds) and for the post-processing prescription implemented here (Winds + Q). While we do not obtain a perfect match, Winds+Q is a substantial improvement over the original simulation results.
The right panel of Figure 1 shows the colour-magnitude diagram for the quenched winds population. While our postprocessing does produce a "massive red sequence" of central galaxies, we do not match the detailed properties of the observed colour-magnitude diagram such as its slope. Also, the brightest galaxies in our model are blue, while the brightest observed galaxies are red. (The most massive galaxies in Winds + Q are on the red sequence, but their higher mass-to-light ratios make them less luminous than the most massive blue galaxies.) Gabor et al. (2011) perform a detailed investigation of various post-processing prescriptions, including one similar to our own, and compare them to the observed stellar mass function, slope of the colour-magnitude diagram and other observables. We refer the reader to that paper for a more in depth discussion of physical and observational issues. Clearly our Winds + Q model is not perfect, but it serves our purpose of providing a model population of galaxies that is a reasonable match to observations, including a large population of quenched massive galaxies as in the real universe.
SFH models
The simplest SFH model we consider is the "τ -model" where the SFH is described by an exponentially decreasing function with timescale τ , starting at time ti:
Our simulated galaxies show little star formation before 1 Gyr, and we therefore set ti = 1 Gyr; choosing ti = 0 would make the fits to the simulated SFHs systematically worse.
In practice the simulated SFHs rise to a maximum rather than starting at a high value, so we also consider the lin-exp model with
As with the exponential model, we treat τ as a free parameter and set ti = 1 Gyr. In the limit of τ ≫ t0, the lin-exp SFH is simply a linearly rising SFR(t), while in the limit τ → 0 it is a burst at t = ti. For greater generality we consider a lin-exp model at early times that transitions to a linear ramp at late times:
for (t ≤ ttrans) SFR(ttrans) + Γ(t − ttrans) for (t > ttrans).
(6) The key feature of this model is that it decouples the latetime SFR (after ttrans) from the early-time SFR, though it requires continuity at ttrans. The new parameter Γ determines the slope of the SFH at t > ttrans, allowing rising, flat, or falling SFR(t). (In the FSPS code, Γ is referred to as "tan θ", where θ is the angle of the linear ramp in the SFR-t plane.) We set SFR= 0 at times when eq. 6 gives a negative result, thus permitting a truly truncated SFH. We can describe the SFHs of our simulated galaxies adequately by setting ti = 1 Gyr and ttrans = t0 − 3.5 Gyr = 10.7 Gyr, so that Γ is the only new free parameter. We refer to this as our "2-parameter model." Modest changes in ttrans would lead to changes in Γ values but would not significantly degrade the fits. However, the timing of the SFR transition and the onset of early star formation could be affected by the specific feedback physics and numerical resolution in our simulations, so real galaxies may have greater variety. We therefore also consider a 3-parameter model in which ttrans is a fitting parameter and a 4-parameter model in which both ttrans and ti are fitting parameters. The 4-parameter model is the most general one we consider in this paper and the one we advocate for practical applications. Note that lin-exp is a special case of the 4-parameter model with ttrans = t0 and ti = 1 Gyr.
During the course of our investigation, we also explored other possibilities. For example, we considered models like t α e −t/τ , but rejected them because they added more complexity without significantly improving the performance in describing the SFHs of our simulated galaxies. We also considered other simple extensions of the lin-exp model such as adding a constant late-time component instead of a linear ramp. However, this model proved insufficient to describe the SFH of galaxies in our simulation, which sometimes show a truncation or a rising late-time SFR. Because our simulations rarely show discrete "bursts" of star formation, we did not investigate parametrisations like the τ +burst models of Kauffmann et al. (2003) .
FITTING MODELS TO SIMULATED SFHS
In this Section, we fit the five parametric models described in §2.3, namely, the τ -model, lin-exp model, and the 2, 3, and 4-parameter models to the SFHs of galaxies in the SPH simulation (the "Winds" population) and the post-processed simulation (the "Winds+Q" population). We choose model parameters to minimize the cost function
We also impose an integral constraint:
The mass-to-light ratio, age quantiles of the stellar population, and predicted colours are independent of the normalization of the SFH and are fully determined by the shape alone. Figure 3 shows the SFH of a representative selection of SPH galaxies. SFR normalized by the stellar mass at z = 0 is shown on the vertical axis against time on the horizontal axis. The thick gray solid curve shows the SFH in the simulation, and the other curves show the best-fit models of the different SFH parametrisations. The top row shows blue galaxies, and each successive lower row shows a redder colour. The first three columns from the left show central galaxies in three mass bins, with mass increasing from left to right. The right column shows satellite galaxies, where a satellite galaxy is defined as a SKID group that is not the most massive galaxy in its FOF halo.
An examination of Figure 3 reveals several interesting trends. The SFHs of low mass galaxies show bumps and wiggles, but for the most part the SFHs of individual galaxies are smooth, not punctuated by starbursts and gaps. Other implementations of star formation and feedback physics might lead to burstier behaviour, but if star formation and its associated outflows largely keep pace with accretion as they do in this simulation, then a smooth SFH is the generic outcome. At high z, most simulated galaxies have a gradually increasing SFH, in contrast to the steep increase followed by exponential decline that is mandated by the τ -model. The shape of the peak in the SFH is generally matched by the lin-exp model when we allow a start time of 1 Gyr for star formation to commence. While the slope of SFR(t) at high redshift varies strongly from galaxy to galaxy, there is little variation around ti ≈ 1 Gyr; in particular, we find no examples of galaxies that wait several Gyr before starting to form stars. At low z, the blue galaxies in the top two rows have a rising SFR, while the red galaxies in the lower rows have a falling SFR. The lin-exp model often describes these histories fairly well, but in some cases it cannot, such as the top two panels in the left column and the bottom two panels in the right column.
As shown by Simha et al. (2009) , many satellite galaxies in these simulations continue to accrete gas and form stars, in agreement with inferences from observations (Weinmann et al. 2006 (Weinmann et al. , 2010 Wetzel et al. 2013) . The top two panels in the right column of Figure 3 show two such examples. The third row of the rightmost column shows a satellite galaxy that is not forming stars at z = 0. The bottom row of the same column shows a more extreme example, where the SFR is truncated at t ∼ 8 Gyr, after the galaxy falls into a massive halo. The lin-exp model fails to match these truncated SFHs, predicting a SFR that is too high at z = 0 and consequently a colour that is too blue compared to the simulation. For low mass galaxies in the Winds+Q model, we find similar trends to those in Figure 3 , but for higher mass galaxies the SFR at late times is systematically lower, and for the most massive galaxies it is truncated before z = 0. Figure 4 shows the average SFH of galaxies in bins of mass and colour chosen to contain approximately equal numbers of galaxies. As in Figure 3 , the first three columns show central galaxies ordered by increasing mass, the fourth column shows satellite galaxies, and the rows are ordered from the bluest quartile to the reddest quartile in each bin. We also show the average stellar mass and the g − r colour obtained by treating the average SFH as the SFH of an individual galaxy and using it as input for the stellar population synthesis code. These curves are smoother than those in Figure 3 because they average over variations in individual SFHs, but they reveal the same trends. The τ -model shows the same systematic failures seen in in Figure 3 . The lin-exp model gives a good description of the average SFH in most bins, but it underpredicts the z = 0 SFR in the bluest galaxies and overpredicts the z = 0 SFR in red satellites. These discrepancies lead to systematic deviations in the predicted colours as shown below.
Figure 5 is similar to Figure 4 but for the Winds + Q model. Results for the lowest mass central galaxies are similar, of course, but for more massive galaxies the SFHs are often truncated at late times and correspondingly more sharply peaked at early times. The lin-exp model is remarkably successful at describing the SFH shape in most of these bins, capturing the correlation between rapid early growth and suppressed late-time star formation. However, it fails to predict the correct z = 0 SFR in some cases. We have shown results from the 4-parameter model in Figures 3-5 , but the results are only slightly degraded if we fix ti = 1 Gyr (3-parameter model) and ttrans = 10.7 Gyr (2-parameter model).
The left panel of Figure 6 compares the g −r colour predicted by the best-fit lin-exp model to the SPH g − r colour. While computing the colours, we ignore dust extinction and use the same SSPs to compute colours from the SFHs for the SPH galaxy and the model fits, and therefore ignore the possibility of template mis-match. Each point is an individual galaxy. Because lin-exp is unable to match the late time increase in SFR for the bluest galaxies, it predicts colours that are systematically too red when (g − r)SPH ≤ 0.3. Conversely, for galaxies that are very red, particularly satellite galaxies, it fails to match the truncation in the SFH, instead predicting ongoing star formation and hence colours that are too blue. This error is particularly noticeable for galaxies with (g − r)SPH ≥ 0.6. For comparison, the colour from the best-fit 4-parameter model is shown in the right panel. The late time linear component with variable slope helps overcome both these shortcomings of the lin-exp model, yielding accurate colour predictions for the bluest and reddest galaxies. For (g − r)SPH = 0.45 − 0.6 the model colours are still systematically too red. (Recall that all colours in the paper are computed for zero dust reddening.) Figure 7 shows the distribution of the differences between the colour of the best-fit parametric model and the SPH galaxy whose SFH is fit. We show the 2-parameter and 3-parameter models in addition to the three models shown in Figures 3-5 . The τ -model requires too much early star formation relative to late star formation and, therefore, predicts colours that are systematically too red, by ∼ 0.15 magnitudes in u − g, ∼ 0.12 magnitudes in g − r, and ∼ 0.05 magnitudes in r − i. The lin-exp model is mildly biased towards redder colours, but a considerable improvement on the τ -model. Results for the 2, 3, and 4-parameter models are nearly identical and sharply peaked around the colour predicted using the galaxy's true SFH. For the Winds+Q population (right hand panels) the τ and lin-exp models have a low amplitude tail of galaxies whose model colours are much too blue; these are the galaxies with truncated SFHs. This tail is strongly suppressed in the multi-parameter models. As expected, colours at redder wavelengths are predicted more accurately in every case because they are less sensitive to late-time star formation.
One of the most important applications of SED fitting is to infer the mass-to-light ratios of stellar populations, so that observed luminosities can be converted to stellar masses. Figure 8 compares the r-band stellar mass-to-light ratio Yr ≡ M * /Lr of SPH galaxies to that obtained from various parametric fits to the SFH. Specifically, we use FSPS to compute r-band luminosities from either the simulated SFH or the SFH of the best-fit parametric model (which is always constrained to reproduce the simulated galaxy's M * ). Because the best-fit τ -model consistently has too much earlytime star formation and too little late-time star formation (Figs. 3 and 4) , the τ -model fits systematically overestimate Yr, with a typical offset of 0.2 dex (Y model /YSPH ∼ 1.6).
The lin-exp model fares much better, producing a reasonable match to the mass-to-light ratio of most galaxies but overestimating Yr for blue galaxies that have an increasing SFR at late times. The 2, 3 and 4-parameter models yield mass-to-light ratios sharply peaked around the true values, fitting 68% of galaxies to within 6%. The right panel shows results for the Winds+Q galaxy population. In addition to the previous trends, the τ and lin-exp models now have a tail of galaxies for which Yr is underestimated by up to 0.2 dex. These are the red galaxies with sharply truncated SFH, which are poorly represented in these models. The 2, 3, and 4-parameter models, on the other hand, can all represent these truncated SFHs, so they do not produce a tail of underestimated mass-to-light ratios.
We examine the SFHs of galaxies at z ≥ 0 to investigate whether the parametric models that give good descriptions of z = 0 SFHs also do so at z = 0.5 and z = 1. We fit the five parametric models described in §2.3 to the SFHs of galaxies in the SPH simulation at z = 1 and z = 0.5. In addition to the lin-exp model described in eq. 5 and the general 4-parameter model described in eq. 6, we also fit a 3-parameter model where we fix ti = 1 Gyr and a 2-parameter model where, in addition, we scale ttrans with the age of the Universe. Specifically, we set
where t0 is the age of the Universe at z = 0, ttrans(z = 0) = 10.7 Gyr is the value previously adopted in our 2-parameter model, and t z ′ is the age of the Universe at redshift z = z ′ . The 2-parameter model SFH follows a lin-exp model for the first 75% of its lifetime, and a linear ramp thereafter. We restrict our analysis to the Winds + Q model. Figure 9 shows the distribution of differences between the colour of the best-fit parametric model and the SPH galaxy whose SFH is fit at z = 1 (left) and z = 0.5 (right) for the Winds + Q model. The lin-exp model is generally biased towards redder colours with the exception of a small number of galaxies with truncated SFHs whose model colours are too blue. The 4-parameter model is sharply peaked around the colour predicted from the galaxy's true SFH. Fixing ti = 1 Gyr (3-parameter model) produces a nearly identical fit as it is close to the value of ti obtained from the best-fit 4-parameter model for most galaxies, and in any case small changes in the SFR at early times do not have an appreciable effect on the colour. Further restricting to the 2-parameter model only marginally degrades the fits to the SFH. While the value of ttrans fixed according to eq. 9 differs slightly from the mean ttrans of the best-fit 4-parameter model to all galaxies, correlations between ttrans and Γ ensure that the best-fit 4-parameter SFH and the best-fit 2-parameter SFH are similar even when they have a different ttrans. All models predict the redder colours more accurately because they are less sensitive to late-time star formation. As expected, the τ -model (not shown) performs worse at high redshift than at z = 0, predicting colours that are too red because it requires too much early star formation relative to late star formation. Figure 10 compares the r-band mass-to-light ratio, Yr ≡ M * /Lr of SPH galaxies to that obtained from various parametric fits to the SFH. The parametric fits are constrained to reproduce the M * of the SPH galaxy. At both z = 0.5 and z = 1, the lin-exp model overestimates Yr for blue galaxies that have an increasing SFR at late times. Additionally, for red galaxies with a truncated SFH, the lin-exp model underestimates Yr by ∼ 0.15 dex. The 2,3, and 4-parameter models can match both truncated galaxy SFHs and the SFHs of galaxies with a rising SFR at late times, yielding Yr values sharply peaked around the true Yr value. They fit 68% of galaxies to within 8% at z = 1, and within 13% at z = 0.5.
FITTING PARAMETRIC MODELS TO GALAXY COLOURS
In dealing with observed galaxies, of course, we do not have a priori knowledge of the SFH. Instead, the SFH and other physical parameters of interest must be inferred from observables like the colours and luminosity. In this Section, we test the efficacy of parametric SFH models as practical tools by fitting them to the colours of galaxies in our simulation and comparing these fits to the true SFHs. We ignore the effects of dust extinction while computing the colours of both SPH galaxies and parametric SFH models. While uncertainties in redshift, dust extinction, and metallicity can introduce additional errors and potential biases, we focus in this work on the effect of the assumed parametrisation of the SFH. We use the FSPS stellar population synthesis code to compute the luminosity of our simulated galaxies in five SDSS optical bands (u,g,r,i and z), which gives us four colours. We fit our previously described SFH models to these colours assuming a Gaussian error on each colour of 0.02 magnitudes, typical of errors for galaxies in the SDSS spectroscopic sample. While computing the colours, we ignore dust extinction and use the same SSPs to compute colours from the SFHs for the SPH galaxy and the model fits, and therefore ignore the possibility of template mis-match. Our fitting procedure is based on χ 2 minimization. We have implemented our 2, 3, and 4-parameter models as SFH options to FSPS and computed colours on a grid of parameter val-ues. We interpolate within this pre-computed grid in our χ 2 minimization procedure. Figure 11 shows the SFH of the same representative sample of SPH galaxies illustrated in Figure 3 , and gray bands are repeated from that figure. Now, however, the model curves are found not by minimizing the quantity in equation (7) but by fitting the four colours. As in Figure 3 , the solid black curve shows the best-fit 4-parameter model, the dashed red curve shows the best-fit τ -model, and the blue dot-dashed curve shows the best-fit lin-exp model. The top row shows blue galaxies, and each successive lower row shows a redder colour. The first three columns from the left show central galaxies in three mass bins, with mass increasing from left to right, and the extreme right column shows satellite galaxies. For most of our galaxies, the models are formally good fits to the colours given our adopted 0.02 mag errors, though the τ -model sometimes fails to give a statistically acceptable fit for the bluest galaxies.
In nearly all cases, the model fits reproduce the latetime SFH better than the early SFH. This is unsurprising, as the galaxy colour is sensitive to late-time star formation but is minimally affected by moderate shifts of age in the oldest stellar populations. The best-fit τ -model is never a good description of the true galaxy SFH, showing the same generic discrepancies seen in Figures 3-5. The failures are worst for the bluest galaxies, where the τ -model cannot match the rising SFR at late times, and for the reddest galaxies, where the τ -model can produce a truncated SFR at late times only with a strong burst of very early star formation. The linexp model provides a good description of the SFH in many cases, for a variety of colours and SFH shapes. The two examples where it fares badly are the satellites with truncated SFHs (right column, two lower panels). Like the τ -model, the single-parameter lin-exp model can only produce very red colours by forcing rapid early star formation, while the actual SFH of these galaxies is more extended before shutting down at late times. The 4-parameter model performs much better than lin-exp for these galaxies, and it reproduces the rising late-time SFR of the bluest galaxies.
For the Winds+Q population we see broadly similar trends, but now the massive central galaxies also have a truncated SFH like the two red satellites in Figure 11 . The fraction of galaxies for which the 4-parameter model outperforms lin-exp is, therefore, larger.
In practical applications, fits to observed SEDs are frequently used to infer not the full SFH but high level physical parameters such as stellar mass-to-light ratios (and corresponding stellar masses), population ages, and current star formation rates. Uncertainties in these physical parameters (and, if desired, the covariance of their errors) can be derived by marginalising over the parameters of the fitted model. Figure 12 illustrates this approach for four of the simulated galaxies from Figure 11 , showing posterior probability distribution functions (pdfs) of the mass-to-light ratio (left) and median population age (right). For the τ -model and lin-exp model, we adopt a flat prior on τ over the range 0 − 20 Gyr. For the 4-parameter model we adopt the same prior on τ , a flat prior on ti over the range 0 − 1 Gyr, a flat prior on ttrans over the range 6 − 14.16 Gyr (t0 in our simulation), and a flat prior on θ = tan −1 Γ such that the angle of the linear ramp can range uniformly from θ = −π/2 (instantaneous truncation) to θ = π/3 (steeply rising).
The top two rows show the mass-to-light ratio and t50 of galaxies shown in rows 3 and 4, respectively, of column 3 of Figure 11 . For both these galaxies, all three models fit to the galaxy colours reproduce the SFH reasonably well. The most probable Y and t50 for the τ -model and the linexp model are reasonably close to the true SPH values, although the true value is sometimes outside the formal 95% confidence interval. Because of its greater flexibility, the 4-parameter model allows a larger range of Y and t50, but the peak of the posterior pdfs are very close to the true values, and the true values are always within the 68% confidence interval. The bottom two panels show galaxies whose SFH is truncated (rows 3 and 4 of column 4 in Figure 11 ). As discussed earlier, both the τ -model and the lin-exp model fail to match the truncated SFH, instead putting too much star formation at early times to match the SPH colours. Because they overpredict the age of the stellar population, they overpredict the mass-to-light ratio. In contrast, the 4-parameter model, which matches the truncation in the SFH, predicts a posterior probability distribution for the mass-to-light ratio whose peak is remarkably close to the true value for both galaxies. The true value of t50 is within the 4-parameter model predicted 95% confidence interval in one case (third row), and is very close to the peak of the posterior probability distribution in the other (bottom row).
When investigating statistics for a large population of galaxies (e.g., the galaxy stellar mass function), it is common practice to take the best-fit model parameters for each individual galaxy, though a more sophisticated analysis could consider the full posterior pdf on a galaxy-by-galaxy basis. In what follows we will take the "best-fit" value of a parameter to mean the mode of that parameter's posterior PDF. Each panel of Figure 13 plots the best-fit stellar massto-light ratio from a lin-exp (left) or 4-parameter (right) model fit to the colours of individual SPH galaxies against the galaxies' true mass-to-light ratios. The mass-to-light ratios in the SPH Winds population (top row) range from ∼ 0.4Y⊙ to ∼ 3Y⊙, where Y⊙ = 1M⊙/L⊙. For the bluer galaxies, with Y < 2Y⊙, the lin-exp model predicts Y quite accurately, though SPH galaxies with steeply rising latetime SFR have mass-to-light ratios lower than the minimum value Y ≈ 0.8Y⊙ that the lin-exp model can produce (with τ forced to its limiting value of 20 Gyr). The behaviour for the red galaxies with a truncated SFR is more problematic. Because lin-exp does not allow sharp truncation, it attempts to produce red colours by forcing star formation very early (see the lower right panels of Fig. 11) . As a result, the lin-exp fits overpredict the true Y for these galaxies. The 4-parameter model yields a good correlation between the best-fit Y and the true value across the full range, with only a small number of outliers. The performance for the Winds+Q population (lower panels) is similar in both cases, but now the fraction of "red and dead" galaxies at large Y is higher because it includes massive centrals. Figure 14 shows the distribution of the differences between the mass-to-light ratios obtained from fitting different parametric models to the optical colours of galaxies and their mass-to-light ratios in the simulation. The τ -model typically overestimates the mass-to-light ratio by a factor of ∼1.5, but the error can be as high as a factor of ∼ 3. The lin-exp model generally does better, but it makes significant errors in either direction. Most notably, as already seen in Figure 13 , it overpredicts Y for the reddest galaxies, producing the tail at high Y model /YSPH in Figure 14 . The 4-parameter model estimate for the mass-to-light ratio is within 10% of the true value for 68% of galaxies in the Winds and Winds+Q populations, though it shows a weaker version of the same asymmetry seen for lin-exp. Figure 15 presents a similar analysis for stellar population ages, showing the distribution of differences between model fit values and SPH galaxy values for the times when 10% (t10, top row), 50% (t50, middle row), and 90% (t90, bottom row) of the stars have formed. The 4-parameter model correctly predicts t10 and t50 to within 1 Gyr and t90 to within 0.3 Gyr for 68% of galaxies in both the Winds and Winds+Q populations, and it shows no significant bias, though the tails of the difference distribution are slightly asymmetric. The distribution for lin-exp is qualitatively similar, but it is biased towards high t10 and t50 by 0.5 − 1 Gyr, and the distribution for t90 is less sharply peaked. The τ -model fits are systematically biased towards older population ages (smaller t10, t50, and t90), by 1 − 2 Gyr for t10 and t50 and by 1 Gyr for t90. Figure 16 shows similar results for specific star formation rates (sSFR ≡Ṁ * /M * ) at z = 0. For context, inset panels show the histograms of sSFR in the two galaxy populations. Since sSFR is strongly correlated with colour at z = 0, models fit to the colours generally reproduce the sSFR quite accurately. However, the τ -model is unable to match the colours of galaxies with rising late-time SFR, and it consequently underestimates their sSFR. All models successfully reproduce low sSFRs for the reddest galaxies, so the peak at near-perfect agreement is higher in the Winds+Q population, where the proportion of such galaxies is larger. Fractional errors in the sSFR can be large when the value is extremely small, but for most purposes it is the absolute error that is more relevant. We have carried out the same analyses shown in Figures 14-16 at z = 0.5 and z = 1, for the same rest-frame colours. While we do not show the plots here, the trends are similar, with the 4-parameter model producing moderate improvements over lin-exp and substantial improvements over the τ -model in recovering stellar massto-light ratios, population ages, and sSFRs. We have also checked that using the 2-parameter model with our recommended choices of ti and ttrans(z) yields similar results to those of the 4-parameter model. The τ -model, which enforces declining SFHs, fails to match the mass-to-light ratios and stellar population ages of blue galaxies with ongoing star formation, often over predicting the ratios by a factor of ∼ 2. The lin-exp model performs better, providing more precise estimates, but it is often biased. In contrast, the 4-parameter model matches the physical parameters of SPH galaxies quite well. In the 4-parameter model, the individual parameters have partially degenerate effects on the SFH, but this degeneracy does not degrade the determinations of these physical quantities, since a similar SFH implies similar quantities and a similar fit to the data regardless of what parameter combinations produce it. With limited data (e.g., two or three colours, or large colour errors), individual model parameters may be poorly determined, but physical quantities may still be well constrained after marginalization.
So far, we have only considered optical colours. We have also examined the effects of adding IR and UV colours to the optical data. Specifically, we compute SPH galaxy fluxes in the 2MASS J, H, and K bands and the GALEX NUV and FUV bands, and fit models to the combined data sets again assuming an error of 0.02 magnitudes on each colour. Figure 17 shows the distribution of errors in Y and sSFR from fits of the 4-parameter model to optical colours alone, optical+IR colours, and optical+IR+UV colours. Somewhat surprisingly, adding IR and UV colours does not noticeably reduce the scatter in recovering Y or sSFR; at least with regard to our 4-parameter model, the optical colours already contain all of the relevant information. We find similar results for population ages. Note, however, that we have not included dust extinction or metallicity in our models, and we have assumed that galaxy redshifts are known so that the rest-frame colours are available. Since optical colours already suffice to constrain the SFH in our framework, the additional information in IR and UV data can be applied to constrain extinction, metallicity, and (if necessary) redshift. Broad wavelength coverage is especially important in photometric redshift studies, as UV and IR data help to unambiguously identify breaks in the SED.
DISCUSSION
The star formation histories (SFHs) of galaxies in our SPH simulations are generally smooth, governed by the interplay between cosmological accretion and star-formation driven outflow. As a result, they can be well described by models with a small number of free parameters, and this remains true after we implement a post-processing quenching scheme designed to reproduce the observed red colours and stellar mass distributions of the central galaxies in massive halos. While the simulations are far from perfect, they include many realistic aspects of cosmological growth, gas dynamics and cooling physics, and feedback. They can, therefore, provide guidance to the classes of models that are most useful for fitting observed galaxy populations.
One of the models most commonly used for this purpose, the exponentially decaying "τ -model", gives a quite poor representation of our simulated galaxies because of its implicit assumption that star formation is most rapid at the earliest epochs and declines thereafter. Adding an initial burst to a τ -model would only exacerbate this problem, and allowing a start at ti > 0 helps but only moderately. Fitting the colours of our simulated galaxies with a τ -model (with start time ti = 1 Gyr) leads to inferred stellar massto-light ratios that are systematically too high, by a typical factor ∼ 1.5, and to inferred stellar population ages that are too large, typically by 1 − 2 Gyr. Inferred specific star formation rates (sSFRs) can be either too high or too low, with substantial scatter about the true values.
The lin-exp model, withṀ * ∝ (t − ti) exp[−(t − ti)/τ ], gives a much better description of the time profiles of star formation in our simulation. We find little star formation in our simulations before t = 1 Gyr, reflecting the time required to build up massive systems that can support vigorous star formation, so the model is improved by setting ti = 1 Gyr instead of ti = 0. Fitting the lin-exp model to the optical colors of SPH galaxies largely removes the biases in M/L ratios and population ages that arise with τ -model fitting, and it reduces the scatter between the inferred and true values for these quantities and for sSFRs. If one is going to fit a galaxy SFH with a one-parameter model, the lin-exp model with ti = 1 Gyr is the one to choose.
The shortcoming of the lin-exp model is that it ties latetime star formation to early star-formation: a rapid early build-up (short τ ) necessarily implies a low sSFR at low redshift. Early and late star formation are correlated in SPH galaxies, but they are not so perfectly correlated that galaxies lie on a 1-parameter family of SFH. Our 2-parameter model avoids this problem by changing from lin-exp to a linear ramp after ttrans = 10.7 Gyr, decoupling early and late evolution. For many galaxies, this additional freedom makes little difference, but the two-parameter model offers a significantly better description of the bluest galaxies, which have rising star formation rates at late times, and of the reddest galaxies, which have truncated star formation. Fitting galaxy colors with the 2-parameter model removes the small systematic biases in M/L, population ages, and sSFRs that remain with lin-exp fitting, and it reduces the scatter between the true and fitted values.
Our 3-parameter model turns ttrans into a fit parameter instead of fixing it at 10.7 Gyr (or more generally 75% of the current cosmic time), and our 4-parameter model additionally turns the start time ti into a fit parameter. This additional freedom only marginally improves the description of SPH galaxy SFHs or the accuracy of inferred parameter values. However, it avoids hard-wiring these ages into the model, and it provides some safeguard against the possibility that they are too strongly tied to the specifics of our simulation. For example, the preference for ti ≈ 1 Gyr could be affected by our mass resolution. In spot checks on a simulation with the same volume but 8× higher mass resolution, which became available after we had completed most of our analysis, we find that all of our results for galaxy SFHs continue to hold, but the best fit value for ti shifts slightly, from 1 Gyr to 0.83 Gyr.
Our recommended strategy, therefore, is to adopt the 4-parameter model for fitting galaxy colours or SEDs and marginalize over model parameters when computing physical quantities of interest such as M/L ratios, population ages, and specific star-formation rates. To enable this approach, we have added the 4-parameter model as an option to the FSPS population synthesis code .
2 In addition to colours, the FSPS code can compute full galaxy spectra for fitting to spectroscopic data. In place of marginalization, a less laborious but less robust strategy is to estimate physical quantities from the best-fit 2-parameter model, with ti and ttrans fixed to our recommended fiducial values. For our SPH galaxies, this procedure actually yields a better match between inferred and true quantities because the adopted priors on ti and ttrans are a good match to the simulations. However, these priors may be overly strong for fitting real galaxies, and the marginalization approach with the 4-parameter model is more conservative.
When fitting the ugriz colours of our SPH galaxies at z = 0, assuming 0.02 mag colour errors, we are able to determine r-band mass-to-light ratios with typical errors of ±13% (the range encompassing 68% of simulated galaxies). The corresponding error for median population age is 2 Publicly available at http://code.google.com/p/fsps/. 0.9 Gyr, and t90, the time by which 90% of stars form, has a smaller error of 0.3 Gyr. Adding near-UV or near-IR colors produces little further improvement because these quantities are already well determined given the assumed ugriz errors, and additional wavelengths do little to break the degeneracies in the 4-parameter model. When fitting real galaxies, one would also need to include dust extinction as an additional parameter with an assumed extinction law (or marginalizing over a range of extinction laws). Including dust extinction will only moderately increase M/L uncertainties because reddening induced by dust or by increased stellar population age has a similar impact on M/L (Bell & de Jong 2001) . Conversely, dust extinction increases sSFR uncertainty because increasing dust or increasing latetime star formation have opposite effects on galaxy colours. In the absence of spectroscopic redshifts, one also needs to fit for galaxy photo-z along with the stellar population quantities. In this situation, UV or near-IR data may play a more critical role, breaking degeneracies among SFH, extinction, and redshift. However, we caution that Taylor et al. (2011) find that SPS models do not provide good fits to the full optical-to-NIR SEDs of the galaxies they observe, possibly indicating inconsistencies between the SED shapes of real galaxies and those of the models.
We have extended our analysis to higher redshifts, finding that at z = 0.5 and z = 1 the lin-exp model suffers from similar shortcomings as at z = 0, which are overcome by models that decouple the early and late SFRs. Our 2-parameter model, with ti = 1 Gyr and ttrans scaled by the age of Universe, provides a significantly better description of the SFH of SPH galaxies. As at z = 0, allowing ti and ttrans to be free parameters only marginally improves the description of SPH galaxy SFHs. At all redshifts, one should bear in mind that our simulation models galaxies with M * > 10 10 M⊙, and that the SFHs that characterize much lower mass galaxies could be different both in overall form and in the level of stochasticity.
Sources of uncertainty in the SED fitting technique at even higher redshifts have been investigated by other authors. Lee et al. (2010) apply standard SED fitting techniques to infer the physical parameters of Lyman Break Galaxies at z ∼ 3.4−5 in a mock catalogue constructed from semi-analytic models of galaxy formation, finding that SFRs are systematically underestimated and mean stellar population ages overestimated because of differences between the galaxy SFHs predicted by their semi-analytic models and the τ -model SFH assumed in their SED fitting technique. Because of the mass resolution of our simulation, the SFHs of z ≥ 2 galaxies are too noisy to allow us to carry out a direct comparison, but our results at z ≤ 1 are qualitatively similar to their high z results, highlighting similar discrepancies in the commonly used τ -model SFH.
Fitting the low-order parametrised models presented here should be more precise than fitting general stepwise SFHs. In essence, one is imposing a prior of approximate continuity to extract more from the data and reject pathological fits. This approach may also be more robust to uncertainties in the population synthesis models, since the strong spectral features that appear in stellar populations at specific ages may lead to artificial features in stepwise SFH fits. However, it is possible that the SFHs of real galaxies are more complex than those of our simulated galaxies, with bursts playing a more important role or truncation followed by rejuvenation. It will be interesting to search for evidence of such deviations to better constrain the potential contribution of "punctuated" star formation in galaxies of different stellar mass or morphology, or even in individual components of galaxies. These searches can be best carried out with full spectroscopic data rather than with colors alone, or better yet, with resolved stellar populations in nearby galaxies.
ACKNOWLEDGEMENTS
We acknowledge support from NASA ATP grant NNX10AJ95G. Behroozi et al. (2013) advocate a parametrisation of the SFH based on reconstruction of average SFHs using observed galaxy stellar mass functions, specific star formation rates and cosmic star formation rates. The functional form they advocate is given by:
APPENDIX: COMPARISON WITH BEHROOZI SFH PARAMETRISATION
This model contains three free parameters, τ , B and C, in addition to the overall normalization A. We fit this model to the SFHs of SPH galaxies allowing B and C to vary between 0 and 25. Figure 18 shows the result of fitting this model to the average SFH of galaxies in the Winds + Q model in bins of mass and colour. We show the same set of SFHs as Figure 5 . For most galaxies, this model provides a good description of the early SFH. However, because it ties the late time SFR to the early SFR, it does not adequately match the SFH of galaxies with a rising SFR at late times such as those in the top two rows of the left most column. SFHs that are flat or gradually declining at late times are generally well described by the B-model, although for a significant fraction of galaxies, the B-model fails to match the late time SFH. But unlike the lin-exp model, the Behroozi et al. (2013) parametrisation can match truncated SFHs well by employing a large value of B, and a value of C close to 0. The B-model generally provides a substantially better description of the SFH of SPH galaxies than the τ -model or the lin-exp model, but it does not perform as well as the 4-parameter model.
In practice, our 2-parameter model fits the SFH of SPH galaxies nearly as well as our 4-parameter model, and significantly better than equation 10 in situations where they disagree. Thus, the better performance of our model owes to its functional form that decouples early and late-time star formation, and not to the number of parameters. Figure 1 . The colour-magnitude diagram of galaxies in our SPH simulation (Winds; left) and after applying our post-processing, quenching prescription (Winds +Q; right). Each point is an individual galaxy. Green open circles are satellite galaxies and black crosses are central galaxies. Since saturation makes it difficult to judge the relative numbers of central and satellite galaxies, we list these numbers for the two boxed regions in each panel. Note in particular that the red sequence is almost entirely populated by satellite galaxies in the Winds model but is dominated (at the bright end) by central galaxies in the Winds+Q model. N C and N S denote the number of central and satellite galaxies in each box, respectively. The galaxy stellar mass function at z = 0 in our simulation (solid), and after applying our quenched winds post-processing prescription (dashed) compared to the observations of Bell et al. 2003 (dotted) . In this and later plots, M S refers to the stellar mass of SKID-identified galaxies. . Distribution of differences between parametric model colour and SPH galaxy colour in the winds simulation (left) and the Winds + Q model (right), at z = 0. Each curve stands for a different parametric model, and the curves are normalised to unit integral. We ignore the effects of dust extinction on the colours. Figure 9 . Distribution of differences between parametric model colour and SPH galaxy colour at z = 1 (left) and at z = 0.5 (right). Each curve stands for a different parametric model, and the curves are normalised to unit integral. Figure 10 . Distribution of differences between the r-band mass-to-light ratio predicted by the parametric models and that of the corresponding SPH galaxy at z = 1 (left) and z = 0.5 (right). Each curve stands for a different parametric model, and the curves are normalised to unit integral. Figure 11 . Galaxy SFR versus time in the winds simulation. Each panel shows an individual galaxy. We use the same set of galaxies as Figure 3 but with models fit to the z = 0 ugriz colours rather than SFH. The thick gray curve shows the SFR in the simulation, the black solid curve shows the best-fit 4-parameter model (see text), the blue dot-dashed curve shows the best-fit lin-exp model, and the red dashed curve shows the τ -model. Figure 12 . Posterior probability distribution of the r-band mass-to-light ratio (left) and t 50 , the time at which 50% of the stars are formed (right), obtained by fitting parametric models to the z = 0 galaxy ugriz colours. Each row stands for a galaxy. Each curve stands for a particular parametric model -the 4-parameter model (solid black), the lin-exp model (blue dot-dashed), and the τ -model (red dashed). The grey solid line in each panel shows the "true" value of the mass-to-light ratio (left) and t 50 (right) of the galaxy in the SPH simulation Figure 13 . Mode of the posterior probability distribution of the mass-to-light ratio from parametric model SFH fits to z = 0 ugriz colours versus mass-to-light ratio of SPH galaxies. Each point is an individual galaxy. There are 1,828 galaxies plotted in the upper panels and 1,723 in the lower panels. The left panels show the lin-exp model and the right panels the 4-parameter model. The upper panels are fits to galaxies in the Winds population and the bottom panels to those in the Winds+Q population. Figure 14 . Distribution of differences between the r-band mass-to-light ratio predicted by the parametric model SFH fits to z = 0 ugriz colours and that of the corresponding SPH galaxy. Each curve stands for a different parametric model, and the curves are normalised to unit integral. Figure 15 . Distribution of differences between age of the galaxy stellar population predicted by the parametric model SFH fits to z = 0 ugriz colours and their age in the winds population (left) and the Winds + Q population (right). Each curve stands for a different parametric model and the curves are normalised so that the area under each curve integrates to unity. t 10 , t 50 and t 90 stand for the time at which 10%, 50% and 90% of the stars were formed respectively. 
